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1. INTRODUCTION ' 

The work to be described here covers the second and final phase of 
NASA contract No. NAS5-20291-. During the first phase, a single-diode 
reflection amplifier was developed using silicon diodes. The diode was 
capable of delivering approximately 0.5 watt at 15 GHz with 10-dB gain 
over a 1-GHz band. During this phase an attempt was made to combine 
20 such elemental amplifiers in a single radial transmission line combiner 
The attempt was unsuccessful in the sense that efficient power combining 
with all 20 diodes was never achieved. However, it was successful in 
pointing out many of the poorly understood areas which must be brought 
under control if such an effort were to succeed. These areas are: 

a. Spurious modes in a multi -mode combining structure. 

b . Coupling between individual elemental amplifiers and the 
combiner as well as between each other. 

c . Proper design for unconditional stability under all drive 
conditions. 

The present design either avoids or incorporates a greater understanding 
of these problem areas. 

The goal of the work to be described in this report is the develop- 
ment of a stable Ku-band solid-state power amplifier with the following 
specifications: 





' PARAMETER 

1. Center Frequency 

2. 1-ciB Bandwidth 

3. Ripple within Pass Band 

4. Power Output at Full Gain 

5. dc Power Input Maximum 

6. Gain at Maximum Output Power Level 

7. Maximum Noise Figure at Full Gain 

8. Maximum Volume 

9. Maximum Weight 

10. Maximum Input/Output VSWR 

11. Input and Output Connectors 

12. Intermodulation Products 


13. dc Power Input 

14. Operating Temperature Range 


SPECIFICATION 

FINAL ORIGINAL 

15.0 GHz 
100 MHz 
+ 0.2 dB 

5 watts 10 watts 

150 watts 

4 dB 7 dB 

30 dB 
0.25 ft 3 

2.8 lb 2.5 lb 

1 . 2:1 

UG - 419/U 

2 tone test, Af =■ 10 MHz; 

10 dB down from each of 
2 tones at output, design 
goal. 

Supply as accessary. 

- 25° C/+ 50° C - 30° C/+ 50° C 


In order to achieve the required output power a total of 12 IMPATT diodes 
are used with 6 diodes coupled through each of two resonant cavities. The 
outputs of each of the two cavities are subsequently combined through the 
use of a waveguide "magic - tee" hybrid. 

The diodes used were manufactured by the Microstate Division, Raytheon, 
Waltham, Massachusetts. They are GaAs devices with a Read -type doping 
profile. As oscillators, they are capable of delivering about 1 watt with 
an efficiency (dc to RF) of 10 to 17 percent. 

A good background on the problem of power combining of IMPATT diodes 
may be obtained from the papers by Rucker, Kurokawa, Kenyon, and Harp et. al. 
listed in the bibliography 1-3 . The papers by Harp are especially noteworthy in 
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reference to the work to be reported since his approach is very similar to 
the one taken here. 

Section 2 presents a survey of IMPATT diodes and negative resistance 
amplifiers. 

Section 3 describes the 20-diode radial combiner effort and presents 
some of the problems encountered. 

Section 4 describes the design and characterization of the resonant 
combiner. 

Section 5 discusses the characterization of the packaged IMPATT diodes 
that were used in the program, including the synthesis of a lumped equivalent 
circuit for the diode package. 

Section 6 describes the design of the elemental amplifier ana contains 
results of tests on the multi -diode amplifier. 

Section 7 contains conclusions and recommendations for further work. 
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2. CHARACTERISTICS OF IMPATT DIODES 
2.1 DEVICE PHYSICS 

In 1954 W. S. Shockley^ proposed a mechanism for the negative 

resistance effect in an avalanching P-N junction. It was not until 1958, 

7 

however, that W. J. Read showed that a certain type of P-N junction 
device (P + NIN + ) should exhibit a negative resistance at microwave fre- 
quencies. Read's device allowed, for a narrow N region in which carrier 
multiplication would occur, and a- wider.. I region in which the injected 
carriers would drift until collected at the N + layer. Negative resistance 
arises in this structure due to the combined effects of the avalanche 
process, which introduces phase shift between the voltage and current, 
and the drift (transit) process, which introduces another phase shift. 

The combination of these processes results in an overall phase shift 

which appears as a negative resistance at the output terminals. 

8 

In 1966, T. Misawa published an analysis of the case in which the 
avalanche multiplication process occurred throughout the region between 
cathode and anode. He assumed that electrons and holes travel at the 
same saturated velocity through the whole depletion region and that they 
have the same ionization rates. Misawa' s equations show that in a uni- 
formly avalanching region small disturbances tend to grow as they travel 
in either direction, so that a- confined plasma of avalanching holes and 
electrons would exhibit amplification properties in the absence of a 
separate drift region. 

■ I ' • ../ - . . 
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One major difference between the Read and Misawa models is that the 
Read model predicts the existence of a specific frequency, known as the 
avalanche frequency, below which the diode does not exhibit negative 
resistance. The Misawa model does not predict the existence of a lower 
frequency bound on the negative resistance. 

The Read and Misawa models are, of course, idealized in the sense that 
there are no physically realizable structures which would be purely one or 
the other. On the contrary, all actual 1MPATT devices have some of the 
characteristics of each model. For instance, avalanche regions can be made 
small compared to drift regions, but not negligibly so. 

The structures used most commonly in the fabrication of IMPATT devices 
are P + NN + , GaAs Schottky barrier, P + PNN + (double drift) and a modified Read 
structure. Figure 2-1 illustrates the doping profile and corresponding electric 
field variation across the P + NR + diode under reverse avalanche conditions. 

As the field intensity in the region of the P + - N junction increases, a 
free electron or hole entering the region has a correspondingly increased 
probability of ionizing a hole-electron pair and contributing to the avalanche 
process. As the number of ionized carriers in the region increases, the 
crest of the electric field distribution will move towards the fi + region 
carrying in its wake an electron plasma (the holes generated in the avalanche 
region have, during this time, drifted into the P + region and for all intents 
have dropped out of the transit process). If the field intensity in the drift 
zone is kept above a certain critical value (approximately 2 x 10^ V/cm for 
silicon), the carriers will drift at a constant saturated velocity until 
they are collected at the N + junction, when the process is repeated. The 
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Figure 2-1. Typical P^NlT Avalanche Diode Doping Profile 
and Corresponding Electric Field Distribution 
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negative resistance arises out of the combination of the avalanche ana 

drift processes, as discussed earlier. 

From an equivalent circuit point of view, the diode admittance 

can be represented as a parallel combination of a conductance, Gjj, and 

a susceptance, B^. Figure 2-2 illustrates the variation of the small- 

signal admittance of a typical X-band diode with frequency at high bias 

9 

current. Assuming that the diode reactance can be effectively tuned out 

over a narrow operating band, we must now consider the effect of signal 

level on the negative conductance of the diode. Figure 2-3 illustrates 

this effect at various operating frequencies relative to the small 

10 

signal avalanche frequency. In the mode of operation where the operating 
frequency is above co a , |-Gq| is a monotcnically decreasing function of 
signal level. In this mode, unconditionally stable amplification can be 
achieved as long as the load conductance, G^, is greater in magnitude 
than the small signal negative conductance G^. For operation at or 
below w , the diode exhibits very low negative conductance at low signal 

a 

levels and, furthermore, has a susceptance which varies rapidly with 

frequency. These combined effects tend to result in a very nonlinear 

gain characteristic a3 a function of signal level. 

Figure 2-4 shows the impedance variation of a packaged diode as a 

10 

function of frequency, signal level, and bias current. The small signal 
avalanche frequency of the diode was approximately 6.9 GHz at 120 mA of- 
bias current. Several significant effects can be noted. First, as the 
frequency of operation is lowered towards o) a , the diode reactance increases 
substantially with vaiying signal level. Second, the effect of increasing 
signal level is, to a large extent, the same as the effect of decreasing 
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Figure 2-2. Variation of IMPATT Mode Admittance with Frequency 
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bias current. The decrease in bias current lowers the avalanche 
frequency and thus lowers the magnitude of the negative conductance. 

The reduction of J— G^J causes the saturation phenomenon at high signal 
levels. Figure 2-5 illustrates the output characteristic of a 1 watt 
oscillator including the observed leveling in efficiency as the 
oscillator approaches saturation. 

2.2 CIRCUIT CONSIDERATIONS 

The discussion this far has been somewhat simplified since several 
significant points have been omitted for the sake of clarity. Probably 
the most important of these is the effect of the termination of harmonic 
and subharraonic frequencies. This effect can be readily demonstrated 
in the behavior of high power oscillators, where tuning of the second 
harmonic impedance has been observed to change the output power by as 
much as 10 dB. Although this effect is also. present in amplifiers, it 
is not quite as pronounced. 

Of far more importance in amplifier applications is the termination 
in the vicinity of the subharmonic.^ 1 The equivalent circuit of an 
avalanche diode consists of a negative conductance, a junction capacitance 
and an inductance due to carrier multiplication and drift. The junction 
capacitance may be considered to be essentially linear, that is, inde- 
pendent of signal amplitude. The inductance, however, is nonlinear since 
ionization rates and drift velocities will vaiy strongly with field 
intensity under large signal conditions. The presence of the nonlinear 
inductive susceptance, therefore, can give rise to a parametric negative 
resistance since the presence of a large RF signal across the diode will 
act as a pump. If the diode is not properly stabilized in the vicinity 
of half the signal frequency, oscillation will occur and this oscillation 
will detract from the power delivering capability at the signal frequency. 
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Until recently this problem has not been widely reported in the 
literature, perhaps because of the lack of commercial availability of 
high efficiency (10- 20 percent) diodes. With recent availability of such high 
efficiency devices, however, the problem has become quite serious since 
the primary mechanism for increased efficiency has been the reduction of 
the diode (positive) series resistance. This reduction of series resis- 
tance makes greater demands on the circuit designer since diode stabil- 
ization must now occur primarily due to proper external (to the diode 
package) circuit loading. 

The problem facing the circuit designer is therefore one of 

presenting a low impedance to the diode, in the vicinity of half the 

signal frequency in order that the build-up of a large "idler" voltage 
12 15 

is prevented * . This criterion must, of course, be satisfied simultan- 

eously with the criteria required at the signal ("pump") frequency for 
proper operation, as an amplifier. 

Oscillations of a different type are also often encountered in. 

IMPATT devices. These oscillations are generally confined in frequency 

to the dc to 20-MHz range and are caused by the rectification effect 

13 . 

caused by the nonlinear avalanche process . A simple explanation of 
the process is as follows. An increase of dc current increases the RF 
negative conductance, which causes an increase in RF voltage in order to 
satisfy the conjugate - match circuit constraint. The increase in RF 
voltage, however, causes a decrease in dc voltage due to the rectification 
effect of the avalanche process. The incremental increase in dc current 
with an incremental decrease in dc voltage therefore gives rise to a 
negative resistance. In certain circumstances (primarily when the bias 
circuit presents a transmission zero at these frequencies) these oscillations 










can build up to a level sufficient for destruction of the diode. The bias 
circuit, therefore, must present a resistive termination to the diode of 
sufficient magnitude to prevent the build-up of oscillation. This can 
often be accomplished by a suitably chosen parallel L-R circuit which has 
a transmission pole at dc in order to allow essentially lossless biasing 
of the diode. 

Other major considerations in the design of circuits employing 
IMPATT devices are biasing and heat sinking. The use of a constant current 
bias source is required since small fluctuations in the bias current can 
have significant effects on the diode impedance. With regard to heat 
sinking, it has been demonstrated that thermal resistance is a major cause 
of the drop-off efficiency of IMPATT devices operating at high RF power 
levels. The thermal resistance can be minimized by techniques such as the 
plating of an integral heat sink on the junction side of the P + - N - N + diode 
or by the use of a Schottky barrier diode, in which the source of heat, 
that is, the avalanche region, is not separated from the heat sink by a 
high thermal resistance region such as in the P + -N-N* structure. 
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3. RADIAL (COMBINER AMPLIFIER 

At the conclusion of Phase I (December 197l) of the present contract, 
a final report was submitted which described a proposed amplifier conflg - 
uration in which a radial combiner, operating in the TMq^q mode, combined 
the powers of 20 IMPATT diodes. The design goal at that time was a reflec- 
tion amplifier capable of delivering 10 watts with 10- dB gain over a 
100-MHz f 1-dB band centered at 15*0 GHz. 

The design effort was divided into three consecutive areas. These 

were: 

a. Diode Characterization 

b. Construction of a Single-Diode Amplifier 

c. Construction of the 20-Diode Amplifier 
3.1 DIODE CHARACTERIZATION 

Both silicon diodes and GaAs diodes were tested. The package 
parasitics and typical dc operating parameters are tabulated below: 


Diode 

C p 

L p (n») 

V 

I (mA) (typical) 

Si 

0.25 

0.12 

62 

148 

GaAs 

0.25 

0.12 

55 

180 


Microwave measurements were made of the negative resistance and reactance 
of these diodes over the 13 - to 17 - GHz band for various signal voltages 
across the diode. The measurements were carried out usirg a precision 
50-ohm coaxial slotted line terminated with a diode mount constructed py 
modifying a 7- mm APC7 short circuit to accept a threaded diode package. 

The mount was air cooled. A wide band, 3-dB coaxial pad was placed in the 
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Figure 3—1 • Raytheon GaAs IKPATT Diocte, Bias Current = 0.160A 
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Summarizing these tests, the GaAs diodes clearly exhibited larger 
negative resistance components by about a factor of two with about the 
same reactance-frequency slope. On the other hand, experience with these 
diodes indicated that the silicon diodes were considerably more rugged. 

One Si diode has had in the order of 100 hours of operation at or near 
rated current operation into a wide variety of ioad impedances. Of three 
GaAs diodes, two had failed at a below rated bias current and the other 
had the bias lead open up. It was decided, therefore, to use the Si diodes 
in later development. 

3.2 SINGLE-DIODE AMPLIFIER 

The purpose of the SDA was to establish the proper impedance matching 
conditions for the individual elemental amplifiers which were to be com- 
bined later in the radial combiner. In Older to accomplish this, the mount 
was designed to simulate a pie -shaped segment of the radial combiner by 
a length of reduced height waveguide whose characteristic impedance equaled 
the desired per- diode impedance (50 ohms).. On one end of the reduced 
guide section is a tunable short and at the other end is a 4- section 
stepped waveguide impedance transformer designed to have a minimum ripple 
response from 10 to 20 GHz. Centered in the reduced height section is a 
0.23U inch diameter hole penetrating both broad walls of the guide to 
accommodate the bias filter on one side, and the diode stud and matching 
transformer. Figure 3-3 shows a photograph of the unit. 

Results of amplifier tests in the SDA using five and seven section 
stabilization/bias filters indicated that the circuit was veiy sensitive to 
the position of the sliding short and could easily break into oscillation. 

1 . •; ... ' . v . 
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Figure 3-3- Single Diode Amplifier Assembly 
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Figure 3-3. 
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This resulted in a re-evaluation of several aspects of the SDA and primarily 
of the bias filter. The original philosophy behind the design of a multi- 
section filter was that the circuit had to be loaded below the band of 
desired amplification in order to suppress possible oscillation due to the 
high negative resistance of the diode in that region. After reconsideration, 
however, it was concluded that the problem of stabilization at lower fre- 
quencies was not as severe as was originally thought. Furthermore, the 
introduction of a circuit element with a multipole impedance characteristic 
was considered undesirable since it would tend to complicate the analysis 
of the circuit and could possibly tend to enhance the chances of oscillation 
at the frequencies at which the poles exist. Figure 3-A shows a comparison 
of the impedance characteristics of a seven section low pass filter and 
that of a single quarter -wave low impedance filter section. 

At this point it was decided to modiiy the proposed design to incor - 
porate some degree of mechanical tuning on an active diode. Figure 3-5 shows 
the idea conceived. The circuit consists of a transformer of short electrical 
length shunted with a mechanically variable capacitance and a slidable trim 
capacitor approximately one -half wavelength away from the transformer. For 
the purpose of the following discussion, the transformer is represented as 
a lumped shurrt capacitance Cg^. This is mechanically represented in 
Figure 3-6; 3 Smith chart representation of the impedance is shown in 
Figure 3-7. 

The impedance transformation is accomplished as follows. The chart is 
normalized to 50-ohms and a circle representing a 10-dB reflection gain locus 
is drawn. It should be noted here that all computations on the chart are 
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Figure 3 - 4 . Comparison of Impedance Behavior of Single 
Quarter Wavelength Filter and 7-Section Low Pass Filter 
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Figure 3-5. Adjustable Circuit Configuration 



Figure 3-6. Mechanical Configuration of Adjustable Circuit 
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Figure 3-7. Smith Chart Representation of Capacitive 
Transformation Design 
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carried out with impedances and admittances having positive real parts. It 
can be shown that a given return loss under these circumstances implies 

reflection gain of the same magnitude under negative resistance circumstances. 

* 

The chart is entered at the point marked - 2 , representing the diode 

impedance with the sign of the real part changed. Since we will be adding 

# * 

shunt positive susceptances we transform - Z to - Y . Adding the susceptance 

represented by C cu , we move along a constant conductance circle to a point 
on 

C. We now move along a constant VSWR circle towards the generator. This 
represents the effect of the length ^ 50-ohm transmission line. Arriving 
at point B (representing, here, an electrical length of just over A./2), we 
add the second susceptance, represented by C^, and move along another con- 
stant conductance circle until we intersect the previously determined 10-dB 
gain circle at point A. 

Testing such a circuit in the SDA with four randomly selected diodes 
indicated that a wideband 10-dB gain curve with 0.5-watt output centered 
near 15 GHz was possible with little or no adjustment of the length 
between Cg H and C^, but did require individual tuning of the magnitude of 
Cgjj by rotation of the asymmetrical stud, and by adjusting the position of 
the sliding waveguide short. This short position turned out to be somewhat 
less than A/2 from the center line of the plug. Figure 3~8 shows typical 
gain vs frequency curves as displayed on an Alfred Model 8000/7051 analyzer . 

The experimental setup used in most of these tests comprised a reflec - 
tometer circuit as shown in Figure 3-9* For fixed frequency measurements, 
power meters were used; For swept displays, the Alfred network analyzer 
was used. Calibration was made by replacing the SDA with a short circuit. 
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Figure 3-8. SDA Gain for Four Diodes 
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The circuit configuration used is shown in Figure 3-10. Adjustments 
that could be made were and A The axial positions of the bias filter 
and slidable capacitor and rotation angle 8 of as shown in Figure 3-10, 
were experimentally determined to give the gain curves shown in Table 3-1. 
Table 3-1 shows the typical GAIN vs data for the three frequencies 1J+. 9» 
15.0, 15.1 GHz which bracket the specified band. The data is plotted in 
Figure 3-11. These results were achieved with and A^ values as on 
Figure 3-10. Notice that gain expansion occurs due to the effect of inten - 
tional reactive detuning. 

The effect of moving the bias filter spacing A^, all other parameters 
held constant as in Figure 3-10, is shown in Figure 3-12. An increase of this 
spacing causes a smaller shunt capacitance to appear across the narrow height 
waveguide-to-coaxial-line transition within the SDA. This in turn tends to 
raise the center frequency of the amplifier. 

TABLE 3-1 - TYPICAL GAIN vs INPUT POWER DATA FOR THREE FREQUENCIES 


P IU (mw) 

GAIN (dB) 

14.9 GHz 

15.0 GHz 

15.1 GHz 

100 

8.2 

8.5 

8.2 

50 

9.9 

10.4 

10.9 

25 

11.8 

12.5 

12.5 

12.5 

12.3 

14-9 

14.6 

6.25 

9.9 

12.3 

1.6.8 

3.12 

9.4 

10.5 

18.8 

1.56 

9.6 

10.3 

17.1 

0.78 

9.8 

10.0 

15.1 

DIODE No. 29, Ig^g = 145 mA 




Figure 3-10. Adjustable Circuit Configuration 
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Figure 3-12. Effect of Bias Filter Position on Gain 





3.3 RADIAL COMBINER 

The choice of a radial transmission line as the power combining 
element in a multiple diode amplifier was based on the following: 

a. All diodes are subjected to the same incident power. 

b. All diodes are of the same type. 

c. All elemental amplifier circuits are identical. 

d. Virtually unlimited expansion potential in terms of the number 
of diodes used. 

The equations governing the field variation in the radial line 
combiner, assuming no azimuthal or axial field variation, are, setting 



E = AH (1) (kr) + B H (2) (kr) (3-5) 

z o o 

H = 

where T| = 377 ohm. 

These can be further expressed in terms of radial angle functions which 
for large argument approach the ordinary trigonometric functions; viz, 


[ A . H i 


(1) (kr) + B (kr) 



(3-7) 

(3-8) 
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The field variation then becomes 


= G o (kr) [ A e 3®( kr _) + B e ")^( kr )J 
— j\e j * (kr > - Be# 1 ’] 


G ( kr ) 

H , = . I A e 


<(> Z (k 
o 


where G (kr J 


and Z Q (kr) = 



J 0 2 ( kr ) + N Q 2(kr) 
J o 2 (kr) + N o 2 (kr) 
’Jj 2 (kr) + N^ 2 (kr ) 


(3-9) 

(3-10) 

(3-11) 

(3-12) 


Z Q (kr) can be thought of as a radially varying characteristic wave 
impedance of the line. It is independent of the cavity height. These 
functions are plotted for the range. of kr values of interest in Figure 3-13. 
Another function of interest can be called the total characteristic 
impedance and is given by 


: °T OT <kr| = Z ° <kr ' (£) 


(3-13) 


where D is the height of the combiner. 

This total characteristic impedance (Figure 3-14) is in terms of total 

potential across the cavity and current rather than a point function wave 

impedance. Z . has a pole at the origin. 

°T0T 

Looking inward toward an' assumed 50-ohm load in the coaxial output 
line, one can compute the real and imaginary part of the impedance, as 
seen by a given elemental amplifier. This will be given in general by 

(3-14) 


z =.£ [ h H 
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Figure 3-13* Radial Transmission Line Quantities 


3-20 







H(CM! 


2.1 


3.1 


72 0068VA4 


Figure 3-14. Total Characteristic Impedance vs Radius '(F = 15.0 GHz) 
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where 


* H{kr J = 


Z cos 

lw 


+ jZ Q sin 

0( r }-0( r l oa d)j 

Z__ cos 
OL 

'H r ) _ 0( r j oa( j) 

+ jZ sin 
JLa 

*< r >-+t r ioaa>] 


(3-15) 


where Z^ = (^ r i oacl )» r i 0 aa ec I a ^ va ^ en ^ radial coordinate of the 

50 ohm load, and = 50 x iLlL2!i2££ f the wave impedance equivalent of the 

50 ohm load at r =• r n 

load 

For a cavity height D of 0.254 cm, load impedance of 50 ohms, Q 

2.25 cm and center frequency of 15 GHz, the impedance looking toward the 
load is plotted versus r lQad in Figure 3-15 with frequency as a parameter. It 
can be seen that we have a region of relatively constant real impedance of 
about 50 onms with a zero of reactance. It i3 important to recognize that 
this is the impedance looking toward the load per diode find is given by 
multiplying (k) by = 20, the number of diodes. This arises from the 
fact that the 20 diodes are arranged in parallel, such that the overall 
impedance seen by them all is l/20 of that seen by ary given one. 

Thus, we can set a point in the radial line at which the individual 
elemental amplifiers see a real impedance in the neighborhood of 50 ohms. 

The radial line length from the diode ring out to the short should in this 
case be a quarter wave long. 

At the radii of output, diode and short, kr is large enough such that 
Z Q (kr), 0(kr), and ^(kr) approach their corresponding values in free space 
or in a parallel plane guide. 

As was stated earlier, the preceding equations are valid only for the 
radially propagating modes, that is TM omC) . (it is assumed here that the 
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Figure 3-15. Impedance of Radial Power Combiner at Elemental Amplifier Radius 












combiner height is small enough so that there is no field variation in 

that direction. ) The other possible modes have azimuthal components of 

current which can be damped by radial lossy slots in the top and/or bottom 

plates. These slots will not affect the TM class of modes. Stabiliza- 

omo 

tion of the amplifier with respect to the TM q1 q and TMq 2 q modes is 
accomplished within the individual elemental amplifiers due to the combined 
effects of the load resistance and the roll-off of negative resistance at 
lower frequencies. Figure 3-l6 is a photograph of the entire combiner 
showing the radial slots and the elemental amplifier structure. 

Testing of the complete amplifier revealed multiple frequency 
oscillations. It was also observed that some of the apparent frequencies 
were intermodulation products. The threshold current for oscillations was 
approximately 55 mA, indicating that a large impedance mismatch existed. 
Attempts at stabilization through the variation of elemental amplifier 
circuit parameters as well as combiner parameters were both unsuccessful. . 

Some of the techniques which were attempted with the aim of stabilizing 
the amplifier were: 

a. Modification of the input coax/radial transition to form a 50-ohm 
conical transmission line section. 

b. Introduction of tuning screws into the top plate of the radial 
line and into the side wall. 

Introduction of lossy material into both the radial line and the 
elemental amplifiers. 


c. 
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3.4 ANALYSIS AND RECOMMENDATIONS 

In retrospect, the failure of the radial combiner approach was due to 
the lack of understanding of several areas, the most significant of which 
was the radial combiner itself. 

In theory, at least, it is possible to find a load radius and a diode 
radius at which, for example, a 50-ohm load is transformed to a 50-ohm input 
impedance. This characteristic^ however, will be band- limited in nature, 
meaning that extreme care must be taken in controlling the out-of-band 
characteristic. Furthermore, from a practical point of view, it is very 
difficult to define the effective load radius and simultaneously impose a 
given load impedance at that radius. 

The radial combiner, by definition, is a low circuit, as opposed 
to a resonant combiner which is a relatively high circuit. This implies 
that if the elemental amplifiers are not sufficiently isolated from each 
other in all possible modes other than the desired radially propagating, 
symmetric mode, spurious oscillations at different frequencies can occur. 

This possibility requires the use of some form of selective mode suppression 
such as radial lossy slots. It appears now that one of the problems in the 
present design was that the slots which were used did not load sufficiently 
the undesired modes. 

A basic question now arises. Which of the two components, combiner or 
elemental amplifier, should be the primary frequency and bandwidth determining 
element? It appears that by the nature of the components tne most effective 
approach would be to construct a broadband elemental amplifier and couple it 
to a narrow band power combiner. This arrangement lessens the requirement on 
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having identical elemental amplifiers since their exact bandwidth is not a 
critical parameter as long as it is sufficiently broad. Furthermore, it 
allows frequency tuning by the variations of one parameter (combiner 
resonance) rather than 20. Some degree of tuning would still be desirable 
on the elemental amplifier level, but its effect on the overall amplifier 
would not be as great as in the high case. 

In summary, it is recommended that in future designs of higher order 
mode combiners the resonant combiner approach be given the most serious 
consideration. Using effective mode suppression, this configuration appears 
to be far superior to the low Q radial combiner in ease of characterization 
and in the design of the elemental amplifiers. 
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4. RESONANT COMBINER 


The resonant combiner is the primary frequency and bandwidth 
determining element in the amplifier. It also, as the name implies, 
acts as a power combining network. Figure 4-1 illustrates the combiner 
geometry. The combiner operates in the TM^q mode, the dominant mode for 
a cylindrical cavity. The field configuration in this mode has no 
variation in the axial or azimuthal direction. Coupling into and out 
of the cavity is accomplished by a coaxial line whose center conductor 
protrudes into the cavity at the center. The cavity is tuned by a 
centrally located dielectric rod which enters the cavity from the wall 
opposite the coupling probe. 

The elemental amplifiers are made up of coaxial lines in which 
the IMPATT diodes and their impedance transforming networks arc embedded. 
As the center conductor passes through the region in which the cavity 
intersects the elemental amplifier some energy is coupled, primarily 
through the circular magnetic fields, into the cavity. 

4.1 COMBINER ANALYSE 

Hie field components in the uperturbed cavity are given by 

E z “ Vo< kr > (4-1) 

H . s J (kr) (4-2) 

<t> T\ 1 ' 
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Figure L-l. Resonant Combiner 
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where J q and are the zero and first-order Bessel functions and 
T) » /fi/e . The first zero of the zero -order Bessel function repre- 
sents the fundamental resonance of the cavity. That is, if the 
cavity radius is given by 


P ol 2.405 

r o “ “Tc E 


(4-3 ) 


where P is the first zero of J o , the resonant wavelength is given by 



2.61 r . 
o 


(4-4) 


At 15 GHz, \ Q m 2 cm, and therefore r Q + 0.766 cm or 0.-302 inches. From a 
practical point of view, however, it would be desirable to set the cavity 
resonance to a frequency somewhat over the desired operating frequency in 
order to allow some flexibility in timing around the nominal operating point. 

The cavity geometry being used, however, has a non- cylindrical form 
due to the intersections with elemental amplifier coaxial sections. These 
perturbations on the purely cylindrical model affect both the resonant 
frequency and the unloaded Q, tending to reduce both. The introduction of 
perturbations also introduces the possibility of spurious resonances at 
frequencies other than the desired frequency. To check for this possibility, 
the return loss at the input - output cavity port was measured versus 
frequency with the fundamental resonance adjusted to 15 GHz. The elemental 
amplifier holes were empty i.e. the central conductors of the coaxial sec- 
tion, the loads and diodes were removed. This is illustrated in Figure 4-2. 
The large spike is the return loss at 15 GHz. The other is switching transient 
in the sweep circuit. 
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Cavity Return Loss With Elemental Amplifier Holes Empty 
(10 ciE/div. , 6 to 18 GHz) 
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The unloaded Q, Q q » will determine the efficiency of the resonator 
as a power combiner. For an unperturbed cylindrical cavity, Q q for the 
fundamental resonant mode is given by 1 ^ 

T1 P ol 

Q o = H” 2 (r^/h + ir 

where h is the cavity height and R s is the surface resistivity. For the 
present cavity, r Q = 0.283 inches, h = 0.311 inches, and R s = 0.038 ohm. 
Therefore, Q q = 6241. Measurements, however, indicate a Q q of 1000, 
reflecting losses in the empty coaxial sections, the dielectric tuning 
rod, and the probe coupling structure. 

Since the cavity is the primary frequency and bandwidth determining 
element in the amplifier, it must be adjusted (through adjustment of the 
coupling probe) to the required loaded Q. Figure 4-3 illustrates the VSWR 
variation with probe insertion at the central port. The region to the left 
of the minimum corresponds to the undercoupled condition, in which more 
power is dissipated in the internal cavity losses than in the load. For 
efficient operation, then, the cavity must be adjusted to the proper over ~ 
coupled condition. The required <1 for a given gain and bandwidth is given by 


9l 


2 

(1 +/G) b 


(4-6) 


where G is the power gain ratio and b is the fractional 3 dB-bandwidth. 
Assuming ?— dB gain and a 200-MHz, 3— dB bandwidth at 15 GHz, the required 
becomes 46.3- 
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MEASURED 



Figure 4-3. VSWR at Resonance For Various Insertions of Probe 





Referring to Figure 4-4 which represents the equivalent circuit of the 
cavity loaded by the generator impedance, we can write 


\ 


A 






W L 
o c 


(4-7) 


^ L c 


(4-8) 


therefore, 




"i 2r l 


R c + n l 


(4-9) 


(*A‘ ’ 1 


Rearranging we get 


R c 

n l 2 \ 


= P 


«L 


- 1 


(4-10) 


where is the VSWR at resonance. Equation 4-10 gives us, therefore, 
a criterion for the adjustment of 

Figure 4-5 illustrates the equivalent circuit of the entire six-diode 

t 

amplifier. In the figure, -R ^ represents the transformed diode negative 
resistance, R s is the stabilization resistance (to be discussed later), and 
ng is the equivalent turns ratio of the coupling network between each elemental 
amplifier and the resonant cavity. Figure 4-6 shows a cross section of the 
actual amplifier. 
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Figure 4-4. Equivalent Circuit of Cavity (Valid Only in the 
Neighborhood of the Resonant Frequency) Loaded Ey the 
Generator Impedance 
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figure 2f-5. Equivalent Circuit of Six Diode Amplifier 





Figure 4-6. Six Diode Combiner Internal Configuration 
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4.2 INTER- ELEMENT COUPLING 

A major problem in all multi - element active circuits is the effect of 
spurious coupling between the active elements. The coupling problem can be 
divided into two possible cases. One case is the situation in which the 
. cavity is resonant in the desired mode and at the desired frequency. In 
this case, all the diodes are tightly coupled to the positive load impeuance 
through the cavity, implying that they are also tightly coupled to each other. 
This condition is, in fact, required in order that the composite structure 
act as a single unit. The second case corresponds to the situation where a 
signal is present at a frequency other than the cavity resonant frequency. 

In this case, there are two mechanisms which will tend to stabilize the system 
One mechanism is the presence of the stabilization load in each elemental 
amplifier and the band- limited nature of the coaxial transformer, which can 
be considered as making the elemental amplifier stable in the operating band 
and more stable outside the operating band. In other words, the negative 
conductance of the elemental amplifier is at a maximum at the operating 
frequency. The other mechanism is due to the nature of the fields in the 
cavity when the cavity is detuned. Since the cavity will not supports 
resonance under these conditions, coupling will occur only through evanescent 
fields present in the region where the elemental amplifier center conductor 
passes through the cavity. The solution of the boundary value problem in 
this structure would be very complicated and time-consuming and therefore 
a qualitative approach will be taken here. One direct observation is that the 
magnitude of the physical discontinuity will determine the magnitude and rate 
of decay of the evanescent fields present in the vicinity of the discontinuity 
The evanescent fields can be represented as voltages on a short length of 
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lossy transmission line. A rapid decay rate would therefore correspond to a 
highly lossy line connecting the elemental amplifiers. The structure will be 
stable, therefore, if the equivalent less resistance is greater than the 
negative resistance presented by the elemental amplifiers. 

If we now consider only adjacent - element coupling, we can analyze the 
similar problem of TEM directional coupler. Jones and Bolljahn^ derive an 


equation for the coupled voltage of the form 



(4-11) 


where 0 is the electrical length of the coupling regions at a given 
frequency; where k is the mid-band coupling parameter (0 =» w/2 ) and is 
defined by 

Z - Z 

. oe oo . 

K ta „ .7 

oe oo (4-12) 


The parameters Z Qe and Z qq are, respectively, the even -and odd -mode 
characteristic impedances of the coupled structure. Z Qg is the impedance 
between the conductors when both conductors are at the same potential 
while Z qq is the impedance when the two conductors are at opposite 
potentials. The same result can be arrived at by considering the electro- 
static case, that is 



(4-13) 


where C and C are capacitances defined as above. The expression for k 
oe oo 

in this case becomes 
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( 4 — 14 ) 


C - C 
oo oe 

k = * 

C + C a 
oo oe 

17 

(See the paper by Getsinger ' for a discussion of the electrostatic 
analog. ) 

Using the impedance formulation we can therefore construct a two 
dimensional resistive analog (with the same boundary conditions) where 
the measured resistances will be the analogs of impedances per unit 
length ( or l/C per unit length). 

To implement this, a scaled version of. two adjacent elemental 
amplifier coaxial lines was deposited on resistive paper using silver 
paint. The coupling parameter was then calculated from measured values 
of even- and odd- mode resistances, as schematically illustrated in 
Figure 4-7. The results indicated that the coupling would be greater 
than 30 dB down, which should be sufficient to prevent spurious 
oscillations even under small-signal, high-gain conditions. 

Once we have defined the required loaded Q, Q T , of the cavity, 
we have also uniquely defined the impedance presented by the cavity to 
the elemental amplifier (for a given transformation ratio n^) at 
resonance. In the original design of the overall amplifier it was 
assumed that a large ratio could be achieved between R^/n* andl Z D » the 
characteristic impedance of the coaxial line passing through the cavity, 
thus allowing termination of the line in Eg = Z Q , and maintaining a high 
circuit efficiency. Testing of the final version of the cavity indi- 
cated, however, that R^/n* was a relatively constant function of Z q 
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and, in fact, was approximately 3 Z Q . These tests were carried out with 
three transmission lines of Z Q = 15 ft, 50 ft, and 90 ft, each terminated 
with Rg = Z Q . At this point three possible choices were considered. 

a. Redesign the cavity in order to decrease n^ by approximately 
a factor of 2. 

b. Maintain the cavity design but terminate the line in R g as Z q /3. 

c. Terminate the line in R g ■= Z q and thereby concede a loss in 
efficiency. 

It was decided that redesign of the cavity would be both expensive and 
time-consuming. Furthermore, there was uncertainty that the redesign 
would yield the required increase in coupling (decrease in n 2 ) and simul- 
taneously maintain the 30-dB isolation between adjacent elemental ampli- 
fiers. The latter two possibilities appeared worthy of exploration. 
Section 6 will discuss the investigation of these alternatives. 
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5. DIODE CHARACTERIZATION 

In most IMPATT circuit designs the diode is the basic limiting 
component in the circuit. This is especially true if, as in this case, 
the diodes are purchased commercially. The circuit designer is often 
at the mercy of the manufacturer when it comes to the fundamental design 
of the semiconductor element as well as in the selection of a suitable 
diode package from a limited range of types. Assuming that the circuit 
designer has chosen the diode and package wisely the first step is to 
measure the impedance of the packaged diode over the range of frequencies 
and RF power levels at which the diode exhibits negative resistance. These 
measurements are of fundamental importance since the elemental amplifier 
circuit design will be based on them. The procedure which was used in this 
program is outlined below: 

a. Derivation of a lumped-element equivalent circuit for the diode 
package in the circuit in which it will be tested and, possibly 
a modified version of the equivalent circuit for the circuit 
in which it will finally be used. 

Measurements to determine the actual values of the elements 
in the package equivalent circuit (s). 
c. Measurements of impedance versus frequency and RF power level 
for the packaged diode. 

5.1 PACKAGE CHARACTERIZATION 

Figure 5-1 illustrates the package used and gives its physical dimensions. 
The package is made up of four basic components. 
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a. A copper post, which serves as a platform on which the diode is 
mounted and through which the heat generated at the junction is 
transferred to a heat sink. 

b. A ceramic cylindrical envelope which provides insulation between 
cathode and anode and also provides a hermetic seal. 

c. A pair of crossed gold wires (approximately 0.001 inch in 
diameter) used to contact the semiconductor chip and connected 
to the top of the package. 

d. A soldered metal lid to maintain the hermetic seal and serve 
as an electrical contact. 

It may be helpful at this point to define what the significance 

of a lumped-element equivalent is when applied to a microwave circuit such 
1 8 

as a diode package. First, any lumped-element circuit is an idealization 
of the actual circuit it represents. It is an idealization in the sense 
that in all real circuits the electric and magnetic fields vary in 
magnitude both spatially and temporally. This means, for example, that 
unique node voltages and loop currents do not exist in a circuit which 
has physical extent. The lumped-element approximation, therefore, will 
never be completely accurate. Its accuracy, however, will improve as 
the physical size of the circuit becomes a small fraction of a wavelength 
since under those conditions unique node voltages and loop currents may be 
defined. This also points cut the fact that lumped-element equivalents 
are band limited. A valid equivalent circuit at 1 MHz may not be valid 
at 1 GHz. 

With these ideas in mind, the lumped-equivalent circuit illustrated 
in Figure 5-2 was derived from the physical structure of the diode package 
and the coaxial structure into which it was embedded. Note that it was 
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assumed that the package was lossless. The elements of the circuit are 
defined as follows; 

Lg = stud or post inductance 

0^ = capacitance between the post and the package lid 
. = wire lead inductance 

Cj. = fringing capacitance between the lid and the coaxial outer 
■ conductor. 


A test fixture was constructed in order to measure the impedance 
of the package at several frequencies around 15 GHz. Figure 5-3 illustrates 
the test fixture when connected to a coaxial slotted line. 

These measurements were made on a 7-mm (0.276") diameter slotted 
line and in order to properly simulate the circuit into which the diode 
would be placed in the actual elemental amplifier, which would be in a 
0.167" diameter coaxial line, . a cylindrical hole of that diameter was 
machined into the test fixture. The depth of the hole was such that the 
reference plane for the measurements to follow would be at the function 
of the package lid and the coaxial . center conductor. Making the measure- 
ments in this way has the advantages of preserving the required physical 
structure around the diode package and also of referring the impedance 
measurements to a reference plane common to both the test fixture and the 
elemental amplifier. One major difference, however, is the discontinuity 
in outer diameters at the reference plane and this was accounted for in 
the lumped equivalent circuit of Figure 5-2 by adding a shunt capacitance, 

C,. , across C„. ... 

disc f 

The measurements on the diode package were done in two steps. In 
both steps empty diode packages (obtained from the manufacturer) were 
used. One. package merely had a lid mounted on the ceramic cylinder and 













the other also had the two crossed bonding wires attached between the lid 
and the copper post on which the chip would have been mounted. The 
resulting equivalent circuits are illustrated in Figure 5-4. The measure- 
ment system used is shown in Figure 5-5. 

Impedance measurements were made first on the open circuited package 
and then on the short-circuited package. Measurements were made at five 
frequencies; i.e., 13.0, 14.0, 14*5, 15-0, and 35. 5 GHz. A computer program! 
was then used to fit, in a least squares sense, element values to the 
equivalent circuit which would minimize the error between the calculated 
package input impedance and the measured input impedance. FigUi-e 5-6 
gives the fitted element values and a comparison of the calculated and 
measured input impedance. 

It. would be of some interest to compare these measured values with 
those cf others for a similar package. Table 5-1 prerents jublished values 
for C p and L g by Getsinger 18 and Monroe 1 ^ along with the values measured 
here. 

, TAHLE 5-1 - Comparison of Measured Equivalent 



Circuit Element Values 

l8 

This Measurement. Getsinger 

Monroe' 

C P 

0.16 pf 

0.14 

0.25 

L s 

0.37 nH 

0.33 

0.48 

5.2 

CHARACTERIZATION OF 

PACKAGED DIODE 



Measurements were made of the actual diode (packaged) impedance versus 

20 

frequency and input EF power level . A computer program was used to process 
the raw slotted line data and calculate the corresponding diode impedance, admit - 


i 
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Figure 5-5. ' Test Circuit Used For Impedance Measurements 





1 ... - V 

Figure 5-6. Comparison of Measured and Fitted Shorted Package Impedance Locus 
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tance, and RMS RF voltage across the diode. The negative of the measured diode 
impedance locus is shown plotted on a Smith Chart in Figure 5-7* During 
these measurements, subharmonic oscillations appeared at several points 
at which a relatively high input power was incident on the diode. Sub- 
sequent measurements of the circuit input impedance seen by the diode in 
the 6- to 9-GHz range indicated that the real part was as high as 100 0 
at several frequencies indicating that a lower input impedance would be 
required at those frequencies if the oscillations were to be eliminated. 

Later in the program it became apparent thatthe criterion of a low load 
resistance in the vicinity of the subharmonic required modification. It was 
observed that parametric oscillations occurred for load resistances of 50 ohm 
and 12 ohm, but were absent for 27 ohm. It was decided, therefore, that an inves- 
tigation should be undertaken to determine the effect of various circuit resis- 
tances on the resistance at the terminals of the equivalent chip negative 
conductance. The analysis was carried out using the package equivalent circuit 
discussed earlier. Figure 5-8 is a plot of l/G^ and l/R^ versus R^ at7.5 GHz. 
Note that a minimum occurs for l/G^ at R^ =; 27 ohm. Similar plots were sub- 
sequently generated for lower values of Lg, wr h the result that l/Gj^ monotoni- 
cally decreased. 

The primary implication of this result is that the elimination of 
parametric oscillations is dependent on the minimization of package inductance. 

A minimum inductance would give the circuit designer a greater free- 
dom in choice of load resistances as well as decrease the package Q, thus 
increasing bandwidth. Using the 15-GHz data shown in Figure 5-7, separate 
curves for the diode conductance and susceptance were plotted as a function 
of computed total RF voltage across the diode. These curves were then extra- 
polated to the point of maximum added power and were fitted with a power 
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series function. The resulting curves are plotted in Figure 5-9. Using 


these curves, plots of gain and power added versus input power were generated 
for various circuit admittances. Figure 5-10 illustrates the computed gain 


and power added for the case where = 0.010 and « 0.027. This is 

a stable operating point since a conjugate match condition never exists. 
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6. ELEMENTAL AND MULTI-DIODE AMPLIFIER 

The approach to the design of the elemental amplifier was guided by 
three basic aims. These were: 

a. To achieve the required gain and output power at 15 GHz. 

b. To achieve a sufficiently low Q structure so that the resonant 
combiner would be the primary bandwidth and frequency determining 
component in the network. 

c. To achieve unconditional stability at all frequencies outside 
the frequency band of interest. 

These criteria may be restated as follows: The locus of the admittance 

presented to the diode must be such as to create a high gain situation in 
the immediate vicinity of 15 GHz and a low (or no) gain situation every- 
where else. Furthermore, if the resonant cavity were to be replaced by a 
purely real resistance of the same magnitude as in the actual circuitry, 
the resulting elemental amplifier gain should be significantly more broad 
band (at least by a factor of 2). Although uhese criteria are somewhat 
simplified and qualitative, they do summarize the design problem. 

Measurements of the coupling characteristics between the elemental 
amplifier and the cavity (Section 4 ) indicated that, with the cavity 
adjusted to the proper Q^, the impedance presented to the elemental ampli- 
fier in series with the internal load resistance was approximately three 
times the characteristic impedance of the coaxial section. This condition 
made it undesireable to terminate the coaxial section in its characteristic 
impedance since approximately 25 percent of the power generated by the 
diode would be dissipated in the stabilization resistance. -An alternative 
solution was termination of the coaxial line in a load impedance lower 
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than the characteristic impedance of the line. This technique has the 
advantage of increasing the circuit efficiency (less power dissipated in 
the internal load) but has the drawback that the circuit impedance seen 
from the diode position now becomes more frequency sensitive. It was 
therefore acknowledged that the impedance may vary considerably with 
frequency outside the relatively narrow amplifier band, but that this varia - 
tion would not be a serious problem. 

Several possible circuit configurations were evaluated by computer 
simulation. The circuit which appeared to be most promising is illustrated 
schematically in Figure 6 - 1 , Figure 6-2 illustrates the computed impedance 
locus for the same circuit. A prototype. impedance transformer was con- 
structed based on the computer simulation and tests we re carried out to 
determine its Characteristics. 

Stable small signal gain of approximately 15 dB at 15/ GHa was 
obtained using this structure; however, as the input signal power was 
increased to approach the level at which the diode will operate in the final 
unit, a severe degradation in gain was observed at the center of the operating 
band. The degradation was of such a magnitude as to reduce the expected 
gain of approximately 8 dQ to 2 or 3 dB under full RF drive (see Figure 6-3). 
Investigation into the cause of this effect indicated that a strong signal 
was present at the subharmonic of the frequency at which maximum gain and 
output power werr expected. The presence of this oscillation caused a 

reduction of the effective IMPATT mode negative resistance of the diode and 
thus reduced its amplifying capability. Further investigation into this 

phenomenon indicated that this was a common problem in IMPATT amplifiers, 

especially in those where high efficiency diode3 are used,** 

i . ... 











Figure 6-2. Computed Impedance Locus of Circuit of Figure 6-1 
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Gain Reduction Due to Parametric Oscillation 
(2 dB/div., 14.5 to 15*5 GHz) 
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Several techniques were attempted to achieve the desired low impedance 
at the subharmonic frequency and leave unchanged the impedance at the signal. 

frequency. All these suffered from the same drawback, namely of being 
narrowband solutions to a broadband problem. One approach is worthy of 
some discussion. 

A coaxial open circuited stub was placed directly across the diode 
terminals in parallel with the transformer network already there. The length 
of the stub was adjusted to be ^/Z wavelengths long at 15 GHz and X/4 wave- 
lengths long at 7.5 GHz. The stub impedance would, therefore, be high at 
the signal frequency and low at the subharmonic frequency. The resulting 
structure increased the gain at the signal frequency to 4 dB but instead 
of having a single "degenerate" parametric oscillation there now appeared 
two oscillation frequencies, at approximately 6 and 9 GHz. It was dis- 
covered, in fact, that by mistuning the amplifier ever a greater number of 
frequencies coule be made to appear. In order to increase the range of 
frequencies over which the stub was to present a low impedance, the packaged 
diode was remr anted into a stud which had a machined recess. The purpose 
of this was to reduce the effective package inductance, which appears in 
series with the impedance presented across the external package 
terminals. A recess of G. 040 " was tested and resulted in a 50 percent reduction in 
package inductance. A diode mounted in this stud was placed m a 50 Q 
coaxial test fixture having a 1.2:lYSWRin a 1— GHz band around 15 GHz and 
2:1 in the subharmonic frequency r^nce (~ 6 to 9 GHz). A stub which was 
^/z wavelengths long at 14 GHz was placed across the diode and resulted in, 
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again, two oscillation frequencies but this time at approximately 4 and 10 
GHz, a separation of 6 GHz compared to the 3-GHz separation before the 
reduction of package inductance. 

The fact that the two parametric oscillations were spread apart in 
frequency indicated that the reduction in package inductance had the 

beneficial effect of increasing the band over which the stub had effect. 

The major drawback of using the stub, however, was that the requirements 
of small reactance slope at both the subharmonic and signal frequencies 
were incompatible. This may be seen immediately from the expression for the 
input impedance of an open-circuited transmission line and its derivative 
with respect to electrical length 


Z. = jZ cot O. 
in ** o 


(6-1) 


d Z. 
m 

d 3 


-J Z o 
sin^ £ 


( 6 - 2 ) 


For O = tt/ 2 (subharmonic), the reactance slope is finite and proportion to 
Z 0 . For $ = tt (signal frequency), the reactance slope goes to infinity. 

This can have the effect of severely narrowing the bandwidth of the amplifier. 

At this point, the matched transmission line was reconsidered as a 
technique by which the impedance at the subharmonic could be easily con- 
trolled. The disadvantage of this technique, however, was the loss in 
circuit efficiency which would result from the three-to-one impedance ratio. 

It was calculated, however, that the circuit efficiency could be increased 
considerably by increasing the of the cavity and thereby increasing the 
coupled cavity impedance. This would have the effect of reducing the band- 
width of the amplifier but for the case which was considered the reduction 
would be small. 
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The structure which was considered is illustrated schematically in 
Figure 6-4. The packaged diode is parallel- resonated by a shunt capacitance 
of approximately 0.3 pf. A A/2 length of 27-ohm transmission line is used 
to transform the cavity impedance (in series with the stabilization load) 
to the resonated diode terminals. This structure has the advantage over 
others that were considered in presenting a veiy well behaved (and reproduci- 
ble) admittance locus at the resonated diode terminals. At 15 GHz, the load 
admittance is purely real and is given by 1 /(Rq + Rg). The value of R c is 
adjusted during operation, through adjustment of the probe penetration, 
to maintain stability under small signal conditions. At all frequencies 
sufficiently removed from 15 GHz, the load impedance is uniquely 27 ohm, a 
value which was considered sufficiently low to suppress parametric oscillations. 

The choice of characteristic impedance in this structure is based on 
three major criteria. 

a. Circuit efficiency 

b. Suppression of parametric oscillations 

c. Low 

For the 27 -ohm system, the circuit efficiency is given by 

R C (6-3) 

c ° * 

R c +R s 

and the Q, of the circuit is given by 
°L " ~2 ^ 

where = R c + Rg, Z Q = Rg. Figure 6-5 is a plot of vs. Z j/Z Q - For 
the present case, Z^ = 1./.012 = 83 ohm, Z Q = 27 ohm, and therefore 
Ql = 4.3. 
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Figure 6-4. Elemental Amplil er Circuit Using Matched Termination 
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Several center conductors were constructed along with several 
versions of an insert which would act both as the diode contact and a 
shunt capacitor. Figure 6-6 illustrates the complete center conductor 
assembly. In order to determine exactly whao insert diameter would be 
required to resonate the diode under large signal conditions, five 
inserts were constructed, having diameters ranging from 0.150” to 0.130" 
in steps of 0.005". Each of these inserts was tested by adjusting the 
input cavity coupling probe to maximize the output power of the diode 
acting as an oscillator. Table 6-1 presents the results. 


TABLE 6-1 

Single Diode Oscillator Output Power 
at 15 GHz for Various Insert Diameters (Diode # H5) 


Insert Diameter 
(inches) 

0 .150 
0 .145 
0 .140 
0 .135 
0 .130 


Output Power 
(mW) 

0 

80 

260 

450 

200 


Subsequently, four other diodes were similarly tested in the cavity 
with only the .135 inch diameter insert. Table 6-2 summarizes the results 


of these tests. 


TABLE 6-2 


Measured Single Diode Oscillator Output Power 
Diode Number Our put Power (m.Q 


H5 

H6 

E3 

E4 

G24 


4*50 

480 

290 

370 

310 
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Figure 6-6. Final Center Conductor Assembly 
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It should be noted that these measured powers are below half the 
output power claimed by the manufacturer. The low output power as an 
oscillator is due to the high to which the cavity must be adjusted in 
the oscillator case. Using Figure 5=-9» the conductance at which the 
diode would add 0.9 watt is approximately -0.002. Using = 0.012, 

therefore, the gain in this case would be 2.9 dB. Using equation 6-4 we 
find that would be 64.2 for a 200-MHz, 3-dB bandwidth at 15.00 GHz. 

For this case would be 56 oh;a (l/(56 + 27) - 0.012). In the oscillator 
case, however, R^ would have to be re - ad justed to present 500-27 » 473 ohm, 
implying an increase of by a factor of 8.45 to 542. 

The transmission efficiency of the cavity is now given by 


11 “ (1 - ^ (6-5) 

and for = 542 and Qy = 1000, 7) = O. 46 . This low transmission efficiency 
accounts for the low oscillator output powers of Table 6-2. Diode H5, 
according to this analysis, was actually generating 450/0.46 = 978 rriW f which 
is vexy close to its rated output power. 

Tests were then carried out on a single diode (#G24), with the 
input coupling adjusted for operation as a stable amplifier. Figure 6-7 
illustrates the response of the amplifier over the frequency 
range 14*5 GHz to 15.5 GHz for a range of input RF power levels. Note 
that the sharp gain reduction, characteristic of the presence of a para- 
metric oscillation, is absent. 

The first power combining experiment was carried out with two 
diodes, #H5 and #})6, and the cavity adjusted for operation as an oscillator. 
Total output power was 910 mW, corresponding to individual powers of 450 mW 
and 480 mW which were measured earlier. The efficiency of the combiner was, 
therefore, about 98 percent. 
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Single-Diode Amplifier in Cavity. Gain vs Frequency as 
Function of Input Power. Diode # G24. (5 dB/div. , 11. 5 

to 15.5 GHz) (Sheet 1 of 2) 
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The second power combining experiment was carried out with three 
diodes, #E3, , 1 E/+, and /Aj 24 , the sum of whose individual output powers was 

970 mW. The total measured output pbwer in this case was only 700 mW, 
corresponding to a combining efficiency of 72 percent. These diodes were some- 
what lower in rated output power than the previous two, indicating that 
their impedances may be sufficiently different to call for a different 
shunt capacitance than was used in the test. These same three diodes were 
also tested in the combiner as an amplifier. Figure 6-8 illustrates the 
response of the amplifier over the 14.5-GHz to 15.5-GHz frequency range 
and for various input drive levels. Small signal gain was 20 dB and at 
0. 6-W input was approximately 3 dB. Again, note the absence of the gain 
reduction encountered earlier. 

Each of the 6 -diode combiners was tested individually in a 

reflectometer system (without circulator and "magic tee"). Figure 6-9 

illustrates the pass -band characteristics of the amplifiers over the 14.5-to 

15.5 GHz range for a range of input powers from 0.4 ntf to 2 watts (under 
MAX 

normal operation ■ 1.0 watt). The small signal gain was adjusted in 
both cases to 20 dB. Note the similarity between the two characteristics. 

The pass - band characteristic of the complete 12- diode amplifier 
is illustrated in Figure 6-10. It is worth noting at this point that no 
individual diode tuning was used and also that neither of the 6 -diode 
combiners required phase adjustme its on the hybrid level. Figure 6-11 
illustrates the complete amplifier breadboard, including cooling fans. 

Figure 6-12 is a plot of power in intermodulation sidebands as a 
function of input power. Also included is the fundamental character- 

istic at 15.0 GHz. For the intermodulation test, 4 f was 12 MHz and the 
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Figure 6-8. Three-Diode Amplifier in Cavity. Gain vs Frequency as 
Function of Input Power. Diodes # G24, £3 t n4. 

(5 dB/div., 14.5 to 15.5 GHz) (Sheet 1 of. 2) 
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Figure 6-10. 


Pass-Band Characteristic of 12-KLode Amplifier 
(5 clB/div. , 14.5 to 15.5 GHz) 
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Figure 6-11. Twelve-Diode Amplifier Breadboard, Including Cooling Fans 



Figure 6-12. Twelve-Diode Amplifier Intermcduleiion Distortion 
( if = 12 MHz, f = 15.0 GHz, Driver Third Order IMP ’s = 24 dB) 
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measured third order IMP level for the TWTA used as a driver was — 24 dB. 

The third order IMP'S were symmetrical to within approximately 1 dB over 
the input power range 20 ris' to 2 W. At lower input levels the relatively 
narrow band of the amplifier caused the sidebands to be subjected to 
possibly different gains, thus producing an asymmetry of approximately 3 hB. 

One of \he major concerns of any sy3tems designer is the reliability 
of the various components in the system and their possible failure modes . 

In the case of the present amplifier, tests were conducted on the effects 
of individual diode failures on the overall performance of the amplifier 
under small and large signal conditions. Table 6-3 presents the various 


failure configurations which were tested. The 

simulated "failures" were 

unbiased diodes. 




Table 6-3 


CONFIGURATION 

COMBINER #1. 

COMBINER #2 

NUMBER 

NUMIER OF "FAILED” DIODES 

NUMBER OF "FAILED" DIODES 

1 

1 

0 

2 

1 

1 

3 

1 

2 

K 

• * 2 

2 ' 

5 

* 0 

2 


Figures 6-13 a through 6-13 f illustrate the variation of gain with 
frequency under small and large signal (2-W input) conditions for vaiious 
failure configurations. 
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Figure 6-13. Amplifier Characteristics for Various "Failure” 
Configurations (5 ctB/oiv. , 14-5 to 15.5 GHZ) 

(Sheet 1 of 3) 
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Figure 6-13. Amplifier Characteristics for Various "Failure" 
Configurations (5 aB/div. , Ik- 5 to 15.5 2 ) 

(Sheet 2 of 3) 
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Figure 6-13. Amplifier Characteristics 
Configurations (5 dS/uiv. f 14.5 
(Sheet 3 of 3) 


for Various "Failure” 
to 15.3 GHz) 
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None of the failure configurations caused oscillations or parametric 
instabilities. 

Thermal tests were carried cut on the complete amplifier over the 
range - 25° C to + 50° C. The pass - band characteristic wai monitored at a 
2rV. input power level. Figures 6-14a through 6-14f illustrate the variation 
of gain with temperature. The overall gain sensitivity was 0.021 dB/° C. 
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Figure 6-14. Amplifier Gain Variation As A Fonction of Temperature 
(0.4 dB/div. , markers at 14.91 and 15.01 GHz; 

(Sheet 1 of 3) 
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Figure 6 - 14 .. Amplifier Gain Variation As A Function of Temperature 
(0.4 dB/div., markers at 14.91 and 15.01 GHz) 

(Sheet 2 of 3) 
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7. CONCLUSIONS AND RECOMMENDATIONS 

Although the original goals of this program were not achieved, the 
results of the program have made a substantial contribution to the state- 
of-the-art of high power IMPATT amplifiers. The amplifier which was 
delivered is, at this time, the highest power solid-state amplifier above 
X-band. Aside from the hardware aspects, however, much knowledge was 
gained about power combining, stabilization techniques, parametric oscillations, 
and "graceful failure”. In addition to these specific areas, much additional 
information was obtained about IMPATT devices in general and the critical 
role played by the diode package in the overall design of the amplifier. 

As is true in most such programs, mary of the things which were 
learned could not be applied to the immediate- program because of the con- 
straints of funds available and the demands of the schedule. The knowledge 
gained will, therefore, have to wait for application in future programs. 
Following is a brief discussion of the recommended design procedure to be 
used in future programs. 

Choice of Diode 

Assuming that one of the primary goals is maximum dc-to-RF conversion 
efficiency, the choice of diode must be made on the basis of the maximum 
available gain of the device at its maximum power added point. This char - 
acteristic is different for different semiconductor materials and different 
doping profiles. In the present case, for example, the large variation 
between the small signal negative conductance and the negative conductance 
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MAX 

at the point established a maximum gain .of approximately 4*5 dB at 

P ADD * This gain is further reduced by the circuit losses (especially the 
stabilization load). It was necessary, therefore, to use a large number 
of diodes, operate at a lower RF voltage level where the gain is higher, 
and concede a loss in efficiency. If there is a substantial variation of 

susceptance with RF voltage an additional available technique is to set 

_ MAX , 

the circuit admittance to give the required gain at 811,1 re ly on the 

detuning effect of the susceptance variations to ensure stability under 

small signal conditions. This technique was used in the present amplifier 

to some extent. 

Choice of Package 

The diode package is a complex impedance transformation network. It 
will affect the apparent diode impedance and will increase the loaded Q of 
the circuit. The ideal situation would be to use the unpackaged chip and 
thereby regain some control over the parasitics associated with the diode 
and its mounting configuration. At the operating frequency, the package 
parasitics will determine what form the resonating network will take to 
maximize bandwidth. At other frequencies, particularly in the vicinity of 
the subharmonic, the parasitics (especially inductances) can affect the 
maximum conductance presented by the circuit to the diode chip. This cir- 
cuit conductance can have seve’ce effects on the presence (or absence) of 
parametric oscillations under large signal conditions. 

Choice of Elemental Amplifier Circuit 

The elemental amplifier circuit must be chosen with the following 
criteria in mind: 
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a. Proper impedance locus in the vicinity of the operating frequecy 
(gain, bandwidth). 

b. Proper impedance locus in the vicinity of the subharmonic. 

c. High circuit efficiency. 

d. Low loaded Q. 

e. Proper bias circuit impedance (low frequency). 

f. Proper coupling to cavity. 

g. Reproducibility. 

h. Ease of fabrication. 

Choice of Power Combiner 

Assuming a cylindrical cavity combiner, the fundamental decision is 
whether to use a dominant mode cavity or a cavity operating at a higher mode 
The decision is based on the number of diodes that are required and in the 
efficiency of the mode suppressing structure used to eliminate all unwanted 
modes. In the present case a dominant mode approach was taken. The height 
of the cavity will affect the unloaded Q. It will, however, also affect 
the coupling factor between the cavity and the elemental amplifier and will 
affect the location and character of the cavity equivalent circuit as seen 
by the diode. 

Adjustment of cavity frequency and RF coupling into the cavity must 
be accomplished by a technique which minimizes losses since these losses 
will tend to reduce the effective cavity unloaded Q. 
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APPENDIX A 


DERIVATION OF GAIN - BANDWIDTH RELATIONSHIP FOR A 
NEGATIVE RESISTANCE AMPLIFIER 

Assume the following microwave circuit: 



1 . 

I 

1 


impedance will appear purely real at the 'cavity terminals at the 

#• * 

resonant frequency of circuit (for a cavity with negligible losses) 



*D 


where C , L are cavity parameters valid in the vicinity of the 
c c 

resonant frequency. The loaded Q of the cix’cuit is given by 


Q L = 


0) L 
o c 


R G + **0 


Let us now define a new parameter, 0^, given by 


(A-l) 




to L 
o c 


V 


(A-2) 


A-3 






Combining (A-l) ana (A-2), wc get 
R C 




% 


R G + 


i + Hj/a 


(A-3) 


And since is a measure of the relative half-power bandwidth of 
the circuit, 




Cl) 


1 + HJj/Rq 


A Cl' 


1 

b 


(A- A) 


Now at reference plane A we may define a voltage reflection 
coefficient, F, given by 


r = 


R n R G 
R D + R G 


(A-5) 


^j/^C 1 

V R G + 1 


(A— 6) 


Solving for i^R^ in equation (A-6) and substituting into (A-4), 
wc get 


^ ° i - r 


■ -r <-rrr> • 


(A-7) 


A-4 


O ~ 





Up to this point in the derivation no assumption was made as to whether 
Rp were a positive or negative resistance. It is apparent however that 

< i . 

if were negative and smaller in magnitude than (as required for 
stability), the condition 

r < -i (a-8) 


would hold. 

In practice, one would of course have to embed the cne port 
negative resistance device in a nonreciprocal network (ferrite circula- 
tor at point A) in order to separate incident and reflected waves and 
obtain useable power from the device. Under these conditions the gain 
of the amplifier can be defined as the ratio 


out nut power 

* maximum available input power 


(A-9) 


or 

G => | T j 2 (A-10) 

and 

r = -/g . • (A-ii) 

Substituting (A-ll) into (A- 7) we get 

o _ 2 (A-12) 

^ “ (1 + /G) b 

Equation (A-12) states that for a given gain and bandwidth only the 
passive parts of the cix-cuit will determine the required Q. This 
result assumes that the cavity is the only, or at least major, energy 
storage element in the network. 
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APPENDIX B 

AMPLIFIER TEST PROCEDURE 

B.l INTRODUCTION 

Testing of the amplifier was carried out using the circuit 
illustrated in Figure B-l. It should be noted that the above circuit is 
one of several possible configurations, all of which will yield accurate 
data. This particular circuit, however, was found to be flexible enough 
to accomodate the various required tests with minimal changes, while 
maintaining accuracy and ease of calibration. The HP8755M Swept Amplitude 
Analyzer was included in the circuit due to its flexibility, accuracy, and 
ease of operation. A ratio meter may be substituted if proper care is 
taken in calibration. 

Operating instructions, including initial set-up procedure and 
instructions for amplifier adjustments are given in section B2. In 
operation, the amplifier should be placed securely on a flat surface with 
consideration given to maintaining enough open space around it not to 
restrict air flow. The rear of the Auxiliary Power Supply (APS) should, 
likewise, not be blocked in order to allow cooling. Following is a list 
of general precautions: 

a. Do not exceed rated diode bias current. Note that 3ome diodes 
are rated at l60 mA and others at 180 mA. 

b. Adjust bias current slowly. Be sure meter is switched to 
Current position . 

c. If a diode is to be removed during operation, reduce current to 
zero before disconnecting. 
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Figure B-l. Solid-State K - Band Power Amplifier Test Circuit 
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d. Periodically check that all diodes are operating by using 
Diode rotary switch. 

e. Be sure that all bias leads are securely connected. 

f. When replacing a diode, be sure that the diode stud is 
securely tightened. 

g* Use a suitable high power waveguide termination, 
hi Always reduce input RF level if amplifier is to be removed 
from test circuit. 






; 


B-l.l CALIBRATION OF TEST CIRCUIT 

It is assumed here that all the components included in the Test 
Circuit are available and have been properly calibrated. 

B-l.1.1 Insertion Loss 

Using either one or two power meters or detectors measure the 
insertion loss between the coupled port of 20-dB coupler #2 and the 
amplifier input port at 15.0 GHz. 

Measure insertion loss between the amplifier output port and 
the coupled port on 30-dB coupler #1. 

Measure insertion loss between the amplifier output port and 
detector #2. 

Repeat at other frequencies. 

8.1, 1.2 Modulation 

Using a power meter on the coupled port of 20-dB coupler # 2 , 
adjust input power using precision attenuation #1 to read 1.0 mW. 
Record attenuator setting. Remove modulator. Increase attenuator 
setting to return power reading to 1.0 mW. Difference in settings 
is the correction which must be applied to all power meter readings 
.if signal is modulated, 

1 . . ■ . - ' . v 
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B-l.1.3 Gain (Swept ) S 

Set zero gain reference line on HP8755M by removing amplifier 
and replacing it with a short section of waveguide. Adjust level 
. set attenuator #3 and precision attenuator #2 to obtain reference 
line which does not vary in position as a function of RF drive level 
up to the maximum anticipated power level. Record setting of pre- 
cision attenuator #2. j 

j 

At several power levels, check that the reference line tracks ! 

i 

settings on precision attenuator #2. Reset attenuator to zero gain j 

reference. 

B-l.1.4 TOTA Intermodulation Products 

Using fixed frequency source and swept signal source set to 
single frequency operation, adjust frequencies and desired Af. Place 
termination on output port of 20-dB coupler #2 and remove modulator. 

Connect power meter to coupled arm of 20-dB coupler #1 and spectrum 
analyzer to coupled arm of 20-dB coupler #2. With precision attenua- 
tor #1 set to 3 dB, adjust powers to give a total of 1.0 watt cw and 
equal powers in the two main lines. Record power in each main line ’ 

i 

and power in each third order intermodulation line (2f^ - S.^ and 
2f£ - f^). Repeat at other power levels and other frequencies. j 

B-1.2 MEASUREMENT OF AMPLIFIER CHARACTERISTICS j 

j 

The following table outlines the specifications to which the test i 

. i 

procedure was to be directed. \ 

I 

i 


B-6 



! 


i 


V 


. ! 


l 


1 . 


2 . 


3. 


4. 

5. 

6 . 
7. 
a. 
9. 

10 . 

11 . 


12 . 


13. 


14. 


B-l.2.1 


PARAMETER 

Center Frequency 

1-dB Bandwidth 

Ripple within Pass-Band 

Power Output at Full Gain 

dc Power Input Maximum 

Gain at Maximum Output Power Level 

Maximum Noise Figure at Full Gain 

Maximum Volume 

Maximum Weight 

Maximum Input/Output VSWR 

Input and Output Connectors 

Intermodulation Products 

dc Power Input 

Operating Temperature Range 


SPECIFICATION 

15.0 GHz 
100 MHz 
+ 0.2 dB 
5 watts 
150 watts 
4 dB 
30 dB^ 

0.25 ft 3 
2.8 lb 
1 . 2:1 
UG-419/U 

2 tone test, Af = 10 MHz: 

10 dB down from each of 2 tones 
at output, design goal. 

Supply as accessary 
- 25 ° C/+ 50° C 


Center Frequency. Bandwidth. Ripple. Power Output, and Gain 
The measurement of these parameters is facilitated if a 
leveled swept frequency source is used. If a leveled sweeper is 
not available, a point by point (in frequency) measurement can be 
made. 


(l) The measurement of this parameter was replaced by an alternate 
measurement. 
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The measurement o? these parameters is carried out on 
swept basis with the modulator in the circuit. Set the peak input 
power to 2.0 watts into the amplifier, applying corrections for 
coupling, and modulation. 

The measurement of the above parameters is carried out 
in a straightforward manner, with consideration being given to the 
following: 

a. Correct measured gain and P ^ values for insertion loss 
between the amplifier output port and the measurement port. 

b. It was suggested that the swept measurements be verified by 
single frequency measurements, using a power meter, at several 
frequencies in the band. The modulator was removed from 

the circuit for these measurements. 

c. If any amplifier adjustments are required refer to section B-2. 

B-l.2.2 Amplifier Spurious Output 

The measurement of amplifier noise figure was replaced by a 
measurement of the spurious RF output relative to the signal amplitude 
under various urive conditions. The measurement was relatively 
straightforward. 

a. If the amplifier has been off, allow approximately 20 minutes 
for warm-up (a low-level oscillation may be present on 
initial turn-on). 

b. Connect a power- calibrated spectrum analyzer to the coupled 
port of 30-dB coupler #1. 

i • - . •; ... • v . 
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Figure B-2. Constant Current Regulator 
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c. Vary the input power (using a single frequency source) 
using precision attenuator #1. 

d. Record the relative magnitude and frequency of any observed 
spurious signal at each drive level. 

B-l.2.3 Input /Out put VSWR 

Input VSWR was measured either under fiill or low drive by 
reversing 20-dB coupler #2 so that a reflectometer system was set up 
at the amplifier input. For this test, detector #2 was moved 
to the coupled arm of the coupler and a reference short used to 
establish a return loss reference. 

The measurement of output VSWR was made under zero input drive 
conditions since that situation would present a "worst case" (greatest 
amplifier reflection gain). Using the reflectometer system in the 
previous measurement, the amplifier was reversed such that the output 
port was connected to the output port of 20-dB coupler 02 . Terminated 
the amplifier input port in a matched load. 

B-l.2.4 Intermodulation Distortion 

The measurement of third order intermodulation distortion was 
carried out using the technique described in paragraph B-l.1.4. The 
major difference was that the spectrum analyzer was moved to the 
coupled -.-’m of 30-dB coupler #1. The measured intermodulation prod- 
ucts now consisted of components generated by the amplifier as 
well as those generated by the TWTA. It was essential, therefore, 
that the characteristics of the TWTA be knovm at the output drive 
level required for the amplifier. Minimum IWTA distortion would 
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obviously occur at the lowest possible drive level which would 
produce 2.0 W input power into the amplifier, requiring minimum 
attenuation in precision attenuator #1. 

Once the amplitudes of the third order products were obtained 
for the cascaded amplifier system, it was necessaxy to separate the 
effects of the two. This could be done subject to the following 
assumptions: 

a. Intermodulation between the carriers ana Lh* TWTA IMP'S 
in the amplifier is negligible. 

b. In-phase addition of AM phasors will occur. 

By making the above simplifying assumptions one can convert 
the measured distortion sidebands into equivalent voltages, subtract, 
and reconvert back to power. 

B-l.2.5 Operating Temperature Range 

The performance of the amplifier over the - 25° C to + 50° C 
temperature range was measured by placing the entire amplifier 
(excluding power supply) into an oven of suitable size. The cooling 
fans included in the amplifier assembly were used. 

B-l.2.6 Miscellaneous Measurements 

It was assumed that measurements of parameters not covered in 
the preceeding (i.e., dc Power Input, Volume, etc.) did not require 
discussion. 
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B-2 OPERATING INSTRUCTIONS 
Initial set-up: 

a. Connect bias harness to receptacle in rear of Auxiliary Power 
Supply (APS). 

b. Connect fan power cord to receptacle in rear of APS. 

c. Connect each APS bias lead to the corresponding numbered flexible 
cable (black) on amplifier chassis. Hand tighten each black cable 
at its mating point with amplifier body. 

d. Plug APS power cord into 110-V, 60-Hz outlet. 

e. Turn on APS using toggle switch on front panel. Red light on APS 
panel will light and fans on amplifier chassis will operate. 

f. Switch meter to "Current". 

g. Adjust bias current on each diode by successively switching rotary 

diode selector switch and adjusting corresponding potentiometer 

using small screwdriver. Initial current setting should be approxi- 

( 2 ) 

mately 5 mA below I max shown on diode list. 

Amplifier adjustment: 

a. Using a swept - frequency test set - up (network analyzer, reflecto- 
meter, etc.) covering 14. 5 GHz to 15.5 GHz, adjust input power to 
amplifier to < 1 mW at 15 GHz. 

b. Using a screwdriver, detune cavity #1 approximately 500 MHz downward 
in frequency using nylon tuning screw at center of cavity. 

c. Loosen four clamping bolts using suitable Allen wrench. 


(2) A schematic of the constant current regulator is given in Figyre B-2.1. 
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d. On cavity §2 adjust cavity coupling by gently exerting pressure 
on cavity body (either towards circulator or a way from circulatoi) 
while rotating it through as small an angle as possible. Adjust 
center frequency using nylon screw. Adjust for 13-dB gain at 

15*05 GHz. Retighten two clamping bolts. 1 

- I 

e. Detune cavity #2 upward in frequency approximately. 500 KHz. ' 

. . ' ’ . • . 3’ 

f. Following same procedure as in step 4* adjust cavity #l. for 13-dB ; 

. . f 

gain at 15.05 GHz. ! • 

• . • \ 

g. Retighten clamping bolts. | 

lu Tune cavity #2 downward in frequency to overlap gain character- 

istic of cavity #1. ■ • . ] 

■ . . ■ t 

i. Small signal gain peak of tuned amplifier will be approximately * 

19 OB. ] 

. '• . • . 
. . . ... . / 
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APPENDIX C 

SPURIOUS OSCILLATIONS IN IMPATT DEVICES (G. I. Haddad) 

Spurious oscillations in IMPATT amplifiers and oscillators fall into 
three main categories as follows: 

a. Bias - circuit oscillations, which have a great effect on the noise and 

13 

power output. These have been described by Brackett . 

b. Parametric - type oscillations in which the sum of the freouencies of 
the two signals equal the main strong signal. 

c. Oscillations at a subharmonic frequency. This is a special case of 

the second and may be considered as a degenerate parametric oscillation. 
12 

Hines recently presented a theory for parametric interactions in IMPATT 
diodes and gave expressions for the stability criteria of an IMPATT- diode 
microwave circuits. 

Some of the main results of Hines' theory are reviewed next. 

He assumes the presence of a strong pump signal at go^. 

A 

go a the lowest perturbing frequency 


“l = 


GO 


G0_ 


GO 


-1 


“p 


The equivalent circuit shown in Figure C-l is applicable to small-signal 
parametric interactions when the diode is being pumped by some large signal at go^. 

The pump frequency of the diode does not appear directly in the equivalent 
circuit but the pump state is introduced through the admittance Y m > n 

Hines derived the following characteristic equation which governs the 
stability of the diode - circuit system: 

D = 1 - M 1 M_ 1 ? 0 (S* 1 + S x ) - M 2 M_ 2 S 1 S* 1 + (M^M_ 2 + M^) = 0 (Ol) 
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Figure 0-1. Equivalent Circuit for Parametric Interaction 
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M = the avalanche current at the n— pump harmonic divided by 
n 

the d.c. current. 

The subscript n in M refers to n to^, whereas the subscripts of the S 
quantities refer to the parametric frequencies to^. Also: 

* 

M «= M 
n -n 


Kl * 1 


The complex quantities may be thought of as stability factors. They 
are defined as : 

1 


z x * HA 


„ «/ \ a nr - m 1 

s » - S H> ■ 1 - r X%! * \ TSj? 


( 0 - 2 ) 


where r = 


to 

m 


(m* - a/) 

'a m ' 


id 


a 

2 


to 


avalanche resonance frequency of the diode 
(E c ) J n v fi 


o s 


total capacitance of the diode 


the ionization rate 


do 

dE 


Z a (to) 


the small -signal diode impedance 1 -’ 


3in 0 2 1 - cos 6, 

x.-x. -fe. t y a ( -v d ) 

““a d 


8. 


(C-3) 


(1 - -%) 
to 


a ratio of drift - region , length to the total length of the diode 

& a o * tOT a = Transit angle of the drift region. 
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The stability of the diode - circuit system may be studied by examining 
the roots of equation C-l for complex frequency. It can be seen that the effect 
of the large-signal pump upon stability is completely described by the two 
factors and since the stability factors S depend only upon the small - 
signal diode impedance and the circuit impedance. This is a very important 
result of the theory. If, for a given circuit and diode, the stability factors 
are such that there are no unstable roots for 0 < |M^| <1 and 0 < [Mgl < 1» 
then the system is stable for ary pump level. 

Under certain conditions, there are simplified forms of the characteristic 
equation which are valid and useful. If | M^| < < |M^|,then equation C-l reduces to 

1 - 1^1 2 s 0 (s_* + s x ) r 0 (C-4) 

Also, if |S 1 i << |sj and (S J , then equation C-l simplifies to: 

1 - ImJ 2 S q s* x = 0 (°-5) 


This is the one suggested by Hines for the degenerate case. 
The justification of equation 0-5 is as follows. 

2 

For oo < < oc a , the term — ^ 2 i s 


much smaller than 1 and S(oc) approaches unity. For w i^ the vicinity of o; a , 

Z„(oo) is quite different from rr — • and of course — * is large. Therefore, 

a J(> ~T co 2 - 

a 

S(oo) is not negligible in general. However, there is no pole for S at co = a: 
since the pole in cancels that of o^/(co^ - Oil 2 ). Since it is usually 

desirable to pump the diode where the negative conductance is large, 

oo 2 a 2 oo 2 . Therefore 
P a 


for oo > oo 
P 
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ana also Z_ 


and S(oj) tends to zero. Therefore, equation C-5 is reasonable especially for 

V 2 - 

Equation C-5 can be successfully employed to determine the stability 
criteria, if the diode impedance' and circuit impedance are known. 

It is obvious that in order for equation C-5 to be satisfied, S Q S*_j must be 
real and greater than one. Therefore, a plot of the real and imaginary parts of 

S S as a function of frequency will show whether such a plot will intersect 
0 1 * 
the real axis or not and at what frequencies it will intersect. If S q S inter- 
sects the real axis, and its magnitude at that point is greater than 1, then the 

* 

possibility of a spurious oscillation exists. If S^S_^ is real at some frequency, 
then the magnitude of | MjJ at which the spurious oscillation is initiated is given 
by a 

•IV ( S 0 "?p . (&-7) 


If «> 0 = <“p/2, then * ^p/ 2 011(1 S 0 S _i 011(1 S 0 S -1 ° l S 0 | 2 . 


Thus the phase condition for instability is always satisfied at the subharmonic 

and thus it suggests that spurious oscillation most likely occurs at the sub- 

2 

harmonic; note however that for this case [S o | must be larger than 1. 

Parametric - type instabilities are also predicted from this equation. 

If the small- signal admittance of the diode is known (by either calculation 
or measurement) and if the circuit impedance is known (either by calculation or 
measurement), then equation C-5 can be readily employed to determine whether spuri- 
ous oscillations are possible or hot. 

On the other hand it is important to be able to derive some general criteria 
in order to be able to make some general statements concerning the circuits 
required for stability. 


i 



In order to obtain unconditional stability, it is necessary to have an 

* 

S S function which does not intersect the real axis beyond unity for 

0 £ to Q . s oj p/2. 

. This is the most general stability criteria which applies to both para- 
metric and subharmonic oscillations. 

One way to simplify the problem is to make |S Q S* | < 1 or to lie inside 
the unit circle. Although this is restrictive (since actually this only applies 
to the subharmonic), it is sufficient to guarantee stability and makes the 
problem more tractable to deal with analytically. Using this criterion, one can 
concentrate on the magnitude of S Q S and neglect the phase. We can also make 
an additional requirement that |S Q | and | S ^ | be less than unity and therefore 
use as a criterion for stability that 

|S(co)| ^ 1 for 0 < ui < Wp (c-8) 

Note that it is necessary to consider frequencies up to C 0 p, because no matter 
how small S q may be S 1 could be such that it would yield an unstable product. 
Equation 0-8 is sufficient for stability but not necessary and may be too 
restrictive in certain situations. One then has to resort to the more general 
stability criteria. 

From equation C-2 we have 


•+ z „<“» [S - 1] - r &„(*) ♦ 
and therefore, 


~ Z d + ^1 + r r -s) ( Z d " jwcJ 


(C-9) 


2 


to 


where r = 


2 


2 



For any set of Z^, r, to and equation C-9 is a bilinear transformation 
between and S. 

A bilinear transformation always maps circles into circles; a straight line 
is regarded as a circle with infinite radius. Thus circles of constant |s| map 
into circles in the external impedance plane. We can construct the circles 
as follows: 

Let us write S = |S|€?^ = 

1 + r = a, 


r(Z d ~ JojC t 
X - Z x + Z d 


) 


Substituting into equation C-9» we find 

X =, 

a - b€^ e 

This is the equation of a circle and is shown below: 

Im X 



(C-iO) 


The radius of the X - circle is = [| a ~ ^~ - J 

be 


|S| r(Z a -jwC T 


= ? 1 2 ,2 


BT - D '(1 + T) - | S|‘ 


(C-ll) 


and is equal to the radius of the Z circle. 
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The center of the X - circle 


0 2 30 2 ~ t 0 ), is given by 
a - b 


(l + r) r.(Z fl - .i/jttfOp) 
. (1 + r) 2 - |S | 2 


The center of the Z x circle is 


ac 


fa. = S n ~ Z . J — Z , + 

x c enter a - b 


(1 + r) r f z d -7Sc; ) 

(1 + r ) 2 - | S | 2 


(C-12) 


(C-13) 


Therefore there is a region in the Z y plane (even though it may be quite limited) 
such that for any Z x within this region |sM i. The region is bounded by a 
circle and in some cases, it may be the entire Z x plane "outside" of a circle. 

Thus if we know the properties of the diode, we can determine the Z x values as 
a function of frequencies v/here instabilities will not occur. 

It is relatively straightforward to program the pertinent equations on a 
computer and thus be able to make these computations relatively quickly. 

As a summary, the procedure for determining whether instabilities will 
occur is as follows: . 

a. . After a particular diode is chosen, one can measure the small- signal 

impedance Z fl (o;) of the diode from a very low frequency up to the 
operating frequency as well as the total capacitance of the diode. If 
the diode doping profile and area are known, Z Q can be computed. 

b. If a. particular circuit is chosen one can measure the impedance 
of the circuit as a function of frequency or it may be calculated. 

c. S(u> o ) is computed using equation C-2 for 0 ^ w 0 - ‘p w n i s the operating 
frequency. Then S _ 1 [which is 8 ( 0 .^ - a^)] is computed from equation C-2 for 

0 ^ a> 0 '£ u> p/2. The product S Q S*^ is plotted in the complex plane for 

.0 £ cu o s co p/ 2 . does not intersect the real axis beyond ur tty, 

then the diode-circuit system is unconditionally stable, if it does 
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intersect the real axis beyond unityi then the magnitude of at which 
spurious signals are initiated is given by, 

|h,I - (-V ) 4 . <c - 14> 

S o S -l 

If one needs to obtain an approximate idea as to the value of Z x which is 
required to prevent instability, then equation C-13 cars, be employed to determine 
this; it should be noted, however, that the values of Z x computed in this 
manner may be too restrictive but will provide a good start. The way to proceed 
here is to use equation C-ll and C-13 as follows: 

a. Here again, the small -signal impedance and C^, for the device have to 

be measured or calculated. From these to can also be determined. 

a 

b. Using equation 0-11 and C-13t we can determine the center of the Z x circle and 
its radius for js| =1; this circle provides the boundary for allowable 
values of Z x at each frequency. In order to determine whether the 
allowable values of Z x are inside or outside the circle, we can then 
determine whether at each frequency Z lies inside or outside the circle 

for |s| >1. If Z x lies outside the |S| = 1 circle for |s| >1, then 
the region inside the circle is the allowable region and vice-versa. 

This procedure has to be carried out for 0 ^ w s ce^. 

c. If one can then design an external circuit whose impedance meets the 
restrictions obtained in (2), then one is assured of no spurious 
oscillations. However, if one has a circuit which does not meet those 
conditions, it is not necessarily unstable and one should resort 

to the previous procedure for determining instability. 

It is worth noting here, that the Z x employed here also includes the 
package parasitics. 
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